Abstract: The dynamical properties of InP-based quantum dot (QD) gain media are surveyed and analyzed for three time scales ranging from tens of picoseconds to less than 200 fs, where quantum coherent phenomena are observable. Each of these time scales determines the important properties of QD devices, i.e., modulation capabilities, nonlinear gain, and coherent light-matter interactions. Experimental investigations and modeling results are described, highlighting the state of the art in QD devices for the important 1550-nm telecom wavelength range.
Introduction
Advances in the growth of InAs/InP based nano structures, where As 2 instead of As 4 is used in the MBE epitaxial process [1] , yielded, for the first time, almost round quantum dots (QDs) rather than the previously common wire-like quantum dashes (QDash). The 3-D carrier confinement in such QDs enables gain media for the 1550 nm wavelength range with superb static [2] and dynamic [3] , [4] properties. These QD gain media can also serve to study ultrafast phenomena, including quantum coherent light-matter interactions, which are of fundamental significance and can also serve as the basis for future quantum information processing using practical devices.
The dynamical properties of these QDs have to be analyzed in several time scales. The range of one to few tens of ps determines the modulation characteristics of QD lasers. Since these materials offer record gain values [2] , the modulation properties are limited by structural details [5] . Optimization of the epitaxial layer structure leads to record modulation speeds for conventional [3] and tunneling injected [4] lasers.
A shorter, 1-2 ps, time scale reveals the carrier injection processes which are strongly related to the nonlinear gain compression [6] and puts, in turn, an upper limit to modulation capabilities, as well as the noise under saturated conditions [7] , [8] . Carrier injection processes are usually studied in the time domain using the pump probe technique [9] , [10] . Since the QD gain media are inhomogeneously broadened, it is crucial to measure the wavelength dependent dynamics using a multi-wavelength scheme where the pump and probe are independently wavelength tunable [11] , [12] . Such pump probe measurements reveal the carrier and gain dynamics and in addition, they highlight the major role played by two-photon absorption (TPA) [13] , [14] .
Operation at the shortest time scale, below 200 fs, enables to operate in the coherent regime. The room temperature coherence time of QDs is approximately 350 fs [15] , [16] . When a QD gain medium is excited with pulses shorter than the coherence time, and if an ultrafast measurement technique is employed, it is possible to observe quantum coherent light-matter interactions in an electrically driven semiconductor optical amplifier (SOA) operating at room temperature. This was demonstrated first in a 1550 nm QDash SOA [17] and then in QD SOAs operating at 1550 nm [18] and 1300 nm [19] , as well. The experimental observations were confirmed by comprehensive simulations where Maxwell and Schrödinger equations are solved by the FDTD technique. A series of models with progressively higher accuracies were developed, starting from a homogeneous gain broadening model [20] , followed by a model which accounts for the inhomogeneously broadened gain [18] and one which also includes non-resonant propagation effects [21] , such as TPA and the corresponding Kerr-like effect it induces [14] .
Finally, the transition between the semi-classical and the classical regimes of light-matter interactions, namely the process of quantum mechanical dephasing, can be mapped using a coherent Ramsey analogous experiment [22] , where one pulse sets the quantum coherent state of the system and a second one probes it as it evolves in time and dephases.
Dynamical Properties of InAs/InP QD Gain Media
This section surveys the state of the art in the dynamics of InAs/InP QD lasers and SOAs. The dynamical properties are presented in three sub-sections, each addressing a different time scale.
One to a Few Tens of ps: Directly Modulated Lasers
QD lasers have exhibited low differential gain values (stemming mainly from the state filling [23] and carrier transport effects) and consequently moderate small signal modulation bandwidths [24] , [25] . The newly developed InP QDs [1] overcome the limitations due to state filling and offer an extremely large modal gain per dot layer of up to 15 cm À1 [2] . A spatially resolved dynamical model was developed [5] which treats zero, two, and three dimensional electrons and holes separately, where the three dimensional carriers transport classically and relax into and out of the QDs via a quantum well-like reservoir. Electrons and holes induce Coulomb forces, which modify the energy bands so that the Poisson and Schrödinger equations need to also be invoked. The model yields an optimization of the barrier width, the number of dot layers and the separation between them. A maximum bandwidth of 14 GHz and large modulation capabilities of 23 Gbit/s have been calculated for a six QD layer laser. Measured small signal bandwidths in a similar laser reached 9 GHz and large signal modulation at 22 Gbit/s was demonstrated [3] . The apparent discrepancy between the small and large signal bandwidths has been found to be fundamental for QD lasers as described in [26] . and refractive index dynamics. Examples include examinations of 1300 nm QD SOAs [10] and 1550 nm QDash devices [9] .
However, the gain inhomogeneity of self-assembled nano-structures requires the use of multi wavelength characterization for proper understanding of the dynamics. For InP based devices, such characterization was reported first for QDash SOAs [11] where under large electrical and optical excitations, the amplifier exhibited an instantaneous gain response due to the combination of TPA and the high-energy tail of the density of states function in the wire-like material. Also reported, was a long lasting additional gain, contributed by TPA of the pump pulse that injected carriers into the carrier reservoir of the medium, from which they slowly relaxed to the resonant QDash energy levels. In 1550 nm QDs, similar characterization revealed even more clearly this contribution, with strong gain recovery dependence on the pump energy and the probe wavelength highlighting the major role played by TPA [11] , [21] .
Examples of the gain recovery following saturation by a pump pulse are shown in Fig. 1 (a) and (b). Fig. 1(a) shows the response of the medium probed at 1540 nm, close to the peak wavelength of the $30 nm wide pump spectrum, for different pump pulse energies. The SOA, biased in the gain regime, exhibits a typical saturation followed by recovery to values higher than its value prior to the pump excitation, which are highly depending on the pump energy, as expected from a TPA induced effect. This observation, which is consistent with earlier findings in similar gain media [12] , emphasized the need to properly account for TPA in ultra-fast light-matter interaction models. Fig. 1(b) presents a comparison between the responses probed at three different wavelengths, both within and outside the pump spectral band, for a fixed pump energy and bias level. Here, the dependence of gain saturation and of its asymptotic recovery value on the wavelength is examined. Followed by a thorough examination of the dependence of these properties with the operating bias level, this comparison points out the difference between direct and indirect saturations (caused by the partial overlap between the pump pulse spectrum and the SOA gain spectrum). It also confirmed that the dominant recovery mechanism in those SOAs is carrier capture into the QDs from the common carrier reservoir, with a uniform time-scale of 1-2 ps.
Coherent Light-Matter Interaction Time-Scale: A Few Hundreds of fs
The response of the medium to excitations shorter than its coherence time can exhibit its quantum-mechanical nature. Room temperature coherence times were measured for GaAs QDs by several techniques, for example: analyzing the photoluminescence linewidth of a single dot [15] , and a technique called transient four wave mixing [16] , where an ensemble of dots was examined, both yielding a similar dephasing time of $350 fs. Hence, the observation of coherent effects requires an ultra-fast measurement apparatus such as a frequency resolved optical gating (FROG) system or a variation thereof X-FROG. The FROG system measures a spectrogram from which the complex profile of the electric field can be extracted with a very high temporal resolution using phase retrieval algorithms. Since the complex susceptibility of the semiconductor depends strongly on the carrier density which is modified as the short pulse propagates along the SOA, the coherent interaction is imprinted on both the amplitude and phase of the pulse which is recorded by FROG trace. The first observations of Rabi oscillations and Self Induced Transparency, induced by propagation in a room temperature semiconductor gain media were reported for a QDash SOA [17] . These results were repeated later for a QD amplifier at 1550 nm [18] and later also for a 1300 nm GaAs SOA [19] .
In order to interpret the experimental data of the coherent effects, it is imperative to confirm the results by a theoretical model. A comprehensive FDTD model that treats the SOA as a cascade of effective two-level systems was developed [22] . The occupation probabilities of the two levels, which are perturbed by the optical pulse, are calculated by solving Maxwell and Schrödinger equations. The coherent system is coupled to its environment incoherently, using simple rate equations. Electrons and holes from carrier reservoirs (which are fed from an electrical bias source) relax to and from the two level systems. The cascade of two level systems can be homogeneously broadened [20] which means that all the segments along the amplifier waveguide contain identical two-level systems. Placing instead a spectrum of two-level systems in each position improves the accuracy of the model [20] and also sheds light on the reason why an inhomogeneously broadened gain medium behaves in the experiments as if it is homogeneous.
Most important, however, is to include non-resonant propagation effects, which take place coincidently with the coherent phenomena. The most important of these is TPA and the Kerrlike effect it induces, but group velocity dispersion (GVD) of the waveguide also plays a role. The non-resonant and coherent effects can be separated experimentally by characterizing the SOA under transparency conditions when no coherent phenomenon takes place. Their contribution to the coherent signatures observed in the gain or absorption regimes, however, must be identified using the numerical model. TPA and GVD were incorporated into the inhomogeneous model by accounting for their induced polarization terms, added to those of the two-level systems, and put into the Maxwell's equations. Any spectral dependence of these effects can be described by evaluating their individual dynamics. For example, the GVD polarization term is usually assigned with a Lorentz oscillator or a Drude model dynamics, which are solved simultaneously with Maxwell's equations. The addition of non-linear phenomena, like TPA and its Kerrlike effect, is included by an iterative procedure that solves the constitutive relation between the electric displacement and the electric field.
One of the results obtained with the expanded model, is presented in Fig. 2(a)-(f) . This group of figures compares the experimentally measured pulse envelopes [in Fig. 2 (e) and (f)] and the calculated results obtained by two models: One which includes all the effects but TPA and Kerr [in Fig. 2(a) and (b) ] and one which accounts for these effects [in Fig. 2(c) and (d) ]. Both measurements and calculations were performed with the SOA biased to the gain regime. Fig. 2(a) , (c), and (e) show the output intensity profiles for a varying input pulse energy. The plots also include the shape of the input pulse envelope. Fig. 2(b), (d) , and (f) show the corresponding instantaneous frequency (chirp, which is the derivative of the phase profile) profiles, again with reference to the input profile. This comparison serves to identify the role of each of the nonresonant mechanisms in shaping the interacting pulse, as well as to emphasize the importance of their inclusion in the model. Without TPA, the calculation yields only the signature of Rabi flopping: oscillations of the intensity and the chirp profiles for large input energies. The profile is rather asymmetric where the two observed cycles of the oscillations clearly differ. In contrast, the measured profiles are quite symmetric, both regarding the two intensity peaks, and the two chirp minima. According to the model with TPA, which better resembles the measured data, this balance is due to the Kerr-like effect accompanying TPA. Moreover, the extended model reconstructed also the pulse broadening and intensity peak clamping which are evident in the measurements, implying that these also originate from TPA.
The clear coherent interactions observed using the FROG technique were followed by a Ramsey analogous experiment where two pulses are used in a pump probe scheme and each pulse is analyzed by the FROG technique [35] as seen in Fig. 3 . The separation between the two pulses can be adjusted with a 1 fs resolution, which amounts to one sixth of an optical cycle at 1550 nm. The upper part of Fig. 3 describes three calculated profiles for an absorbing SOA at pulse separations of 500, 501, and 502 fs. The amplitude and chirp profiles of the first pulse are constant. However, the approximately phase shift between 500 and 502 fs causes a clear change on the chirp of the second pulse. The chirp direction flips at the leading edge of the pulse as it experiences momentarily gain which turns into absorption after about 100 fs. The high sensitivity of the chirp profile to the delay between pulses was confirmed experimentally as shown in the lower part of Fig. 3 , where two profiles, also separated by 2 fs, are shown.
The experiments showed further that at a nominal separation of 630 fs, the measured phase of the second (probe) pulse, senses the coherent state of the system that was set by the first pulse while at a separation of 900 fs, the effect vanishes completely. Thus, this experiment tracks the decoherence and the dephasing processes responsible for the transition between the coherent, semi-classical, and classical regimes of the light-matter interaction.
Conclusion
This paper surveyed the dynamical properties of state of the art InAs/InP QD gain media operating in the 1550 nm wavelength regime. Three important time scales are identified, each determining key physical characteristics of these gain media. Each of those was studied experimentally and by a comprehensive model. The modulation capabilities of QD lasers are determined by the response on the few tens of ps scale. The nonlinear gain compression is dictated by dynamics whose time scale is 1-2 ps, which was studied using a broad band pump probe scheme. Coherent light-matter interactions are observed on time scales of a few hundreds of fs. FROG measurements were employed for the coherent observations where either one or two pulses (a Ramsey analogous arrangement) were injected into the SOA. The coherent experiments constitute an important step towards obtaining control over coherent quantum effects in practical semiconductor devices.
